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SUMMARY
Zinc Oxide (ZnO) nanorods were grown using a low temperature hydrothermal process
on a fused silica substrate. These nanrods were characterized using a scanning electron
microscope (SEM), photo-luminescence (PL) spectra obtained using a Kimmon He-Cd
laser, and radition spectra for Americium-241 (241Am) obtained. The analysis of these
results provides a broad baseline for future work to be conducted. This reasearch sought
to make a detector capable of detecting alpha particles in order to be further adapted to
detect neutrons in the future. The process taken in order to obtain these results started
with the selection of a substrate and through the analysis of surface energy, transmission
percentage for the near band edge emission of ZnO, and the cost. From this analysis fused
silica was chosen. The next step was to successfully seed the substrate with a seed layer
that covered the entire face of the substrate which was accomplished through using a spin
coating technique. Growth of the nanorods was then conducted with dopants being indium
and gallium with varying concentrations. Analysis of the nanorods was conducted using
SEM imaging, PL spectra, and radiation detection. The results show a distinct effect of
dopant and dopant concentration on the the detection spectra of 241Am with results obtained
by ZnO:In 1.0% showing most intense detection peak compared to gallium and undoped.
Analysis of PL spectra and the effects of the dopants is still under much debate in the
scientific community as the reason behind the green-yellow broad emission. Results can
be improved by using polyetheyleneimine (PEI) and sodium citrate combination in order
to lengthen the nanorods while also keeping lateral width which would benefit radiation




Ever since the discovery of radiation in 1895 when Wilhelm Conrad Roentgen noticed a
florescence coming from an enclosed opaque tube due to electrical charge passed between
two plates used for studying cathode rays, there has been an ever growing need and drive
in nuclear sciences to both understand and detect radiation.[1] This drive led to further ad-
vancements in the area of radiation from understanding the particles individually to atoms
to molecules as well as how to effectively and efficiently detect them. Many of the detection
methods and detectors in use today are ones developed in the early to mid twentieth cen-
tury which illustrates the difficulty in increasing efficiency of detecting ionizing radiation
especially neutrons.
Detection of ionizing radiation has many applications from national security to the med-
ical field. Within these applications lay many different methods and material for detection
each of which is under constant research for better and more efficient means of detection.
National security purposes seek to identify special nuclear material through both passive
and active interrogation techniques at centers of mass transportation and ports that accept
thousands of cargo containers and packages everyday. A commercial application of inter-
est is well logging, which uses different sources of radiation to interrogate the ground as
drilling is conducted in order to locate oil, gas, water, and mineral formations among other
things.
Development of novel radiation detectors has always been and will always be an active
area of research as the science of nuclear physics and engineering expands and the use of
radioactive material widens. Refinement of new detection methods and detectors is key to
many areas of industry and security. Each of these detectors has its pros and cons which
always leads to the need for more efficient and better energy resolution detectors. Through
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these demands for advancement, new technology for detection will be bred alongside new
advancements in the field whether it is in energy, industrial use of radioactive isotopes or
national security endeavors.
Zinc oxide (ZnO) is one of many new detectors in scintillation research being devel-
oped, and there has been limited use in research as an alpha detector in DT neutron gen-
erators to detect alpha particles.[2, 3] Promising characteristics of zinc oxide have a wide
range of application not only in radiation detection as will be discussed in Section 2.3.3:
Application in Fields of Science. The study of ZnO is not a new venture and has been
studied and experimented with in its different forms since the early to mid twentieth cen-
tury. Early mentions of ZnO as a inorganic crystal scintillation detector date back to as
early as the 1960s, but its furtherment has not occurred until recently, particularly due to
advances made due to its usefulness as a semiconductor and better technology and equip-
ment to fabricate it. Zinc oxide has many uses and is found in many forms from pow-
ders to nanoparticles to nanorods used in various manners from sunscreen to solar panels.
Since new methods of growth and fabrication of ZnO have increased and been refined us-
ing present day technology, there has been a rapid expansion and revival in ZnO and its
characteristics mostly but not limited as its use as a semiconductor.[4] Some of those char-
acteristics that are benefitial to all areas is its radiation hardness, thermal conductivity, and
electron mobility.[4, 5, 6]
1.1 Objective
The objective of this thesis is to develop a zinc oxide alpha detector using low cost hy-
drothermal method and to set a solid baseline for future research to build off of. The
detection medium will consist of uniform uni-axial grown ZnO nanorods across the face
of a 50.8 mm fused silica substrate. This broad scope of research includes substrate anayl-
sis, seeding process experimentation, characterization of seed layers and grown crystals
with a scanning electron microscope, photo-luminescence spectra, and radiation detection
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of Americium-241(241Am) α-particles. Through the analysis and experiments from this
work, future work can be conducted in order to develop ZnO nanorod detection system
into a neutron detector. Due to its high radiation hardness characteristics which will be
discussed in the next chapter, ZnO has a wide range of uses in terms of radiation detection.
Characterization of the seed layer and the grown nanostructure using a scanning elec-
tron microscope (SEM) objectives include verification of a seed layer that covers the face
of the substrate that the nanorods will be grown on. The objective of the characterization of
the nanorods is to make sure that there is dense uniform growth across the entire face of the
detection area along the c-axis (vertical). Other objectives of characterization using a SEM
include taking length measurements and width measurements. Using these characteristics,
the effect of dopants on the crystal structure are analyzed.
The objective of photo-luminescence spectra analysis is to be able to verify the near
band edge emission peak of ZnO as seen in literature and to analyze the effect of dopant
and dopant concentration on the spectra. Through this and analysis and information in lit-
erature, a better understanding of the effects can be made. The intensity of light emission is
also telling of the number of photons that will likely be emitted when an energetic charged
particle passes through it.
With respect to the detector, the objective is to detect alpha particles and the effect of
different dopants on the spectra. Being able to detect alpha particles with a strong response
is needed in order for further research to be conducted into its ability to detect neutrons
through interaction with a neutron absorber such as lithium-6 (6Li) or boron-10 (10B) which




In order to understand the research conducted in this project, a basic understanding of
interaction of charged particle radiation with matter is needed. The radiation physics behind
how these particles interact with matter are important to have at least a basic understanding
of and will be a topic of discussion in this chapter. Past the radiation physics of these
interactions, the science behind how these physics apply directly to detecting the particles
themselves and extracting information about the radiation is the next logical step.
Since radiation was discovered, there has been a never ending search for better material
and methods of detecting them as these particles can both be helpful, such as treating
cancer, and very devastating, such as the atomic bomb. With the state of the world today
and actions of non-state actors seeking special nuclear material (SNM), the need for new
and innovative detection media will continue to be a viable area of research for the near
and long term. There are different methods of detection of radiation from gas proportional
counters to semi-conductors to scintillators. Scintillation detection is the primary topic of
interest in this research project and is discussed in the following sections.
Zinc oxide (ZnO) nanorods have been widely researched for the purposes of its n-type
semiconducting properties and their potential use in solar power collection in favor of the
very toxic and environmentally unsafe manner they are presently constructed. An overview
of the effects of zinc oxide nanoparticles and nanorods on science, research and industry,
will be briefly discussed in this chapter as well as an overview of the growth mechanism
and crystal structure for the formation of zinc oxide nanorods.
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2.1 Charged Particle Interaction with Matter
Charged particles, for example α-particles, rarely interact with a nuclei and instead interact
mainly with atoms via coulomb forces with electrons. As such, because the large mass
difference between a heavy charge particle and an electron, the path or trajectory of a
charged particle in matter is not easily altered unless interaction with nuclei in the form of
elastic collisions occur. An alpha particle interaction with electrons through coulomb forces
causes energy to be transfered to the electron exciting it. This results in the molecule either












)− ln(1− β2)− β2] (2.1)
I = 19.0 eV, Z = 1
I = 11.2 + 11.7Z eV, 2 ≤ Z ≤ 13
I = 52.8 + 8.81Z eV, Z > 13
(2.2)
Of key importance to charged particle interactionand range in matter is the collisional
stopping power equation, which is shown in Equation 2.1.[7] In this equation, z is equal
to the charge of the charged particle; kc is equal to 14πε0 and ε0 is the dielectric constant in
vacuum; e is equal to the charge of electron; NZ is equal to the number of electrons per
unit volume; mc2β2 is equal to the relativistic mass of electron; and I is constant derived
from empirical formula that is dependent on the Z of the material/element that the charged
particle is interacting with as shown in Equation 2.2.[7] When the resulting stopping power
is divided by the density (ρ), the mass stopping power of the detection medium is obtained.
The range of charge particles is generally much more defined then that of uncharged
particles, such as neutrons and gamma rays, because charged particles are constantly un-
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dergoing inelastic collisions in a continuous slowing down effect. Heavy charged particles
such as an α-particle have an even more defined range due to losing their energy in smaller
quantities per collision then a lighter charged particle, for example an electron or proton.
A well researched and important characteristic to the range of heavy charged particles
is the Bragg curve. The principle to be taken from the Bragg curve is that a heavy charge
particle loses most of its energy near the end of its range in the matter and will form a peak
and quickly go to zero. This is important in the deposit of energy into the detector. If the
detector thickness is small compared to the range of the charged particle in that particular
matter then minimal energy will be deposited resulting in a weak response in terms of
particle detection and electron excitation. If the detector thickness is near or slightly larger
then projected range, the response of the detector will be much stronger than that of a
detector whose thickness is prior to the bragg peak for the given material.
2.2 Scintillation Detection of Radiation
There are several methods and detectors for the detection of ionizing radiation. Of im-
portance to this thesis is scintillation detection of ionizing radiation which is the process
of exciting electrons from the valence band to the conduction band and emission of light
photons upon return to the valence band. There is, however, more then just the lumines-
cence route, for example quenching, that an electron can take in returning to the valence
band. Following light emission, there are mechanisms that prevent the light collection and
are unavoidable. Self-absorption, light trapping, and internal reflection are all examples of
effects that will prevent light photons from reaching the photomultiplier tube (PMT). The
minimization of these effects will allow more light generation and light reaching the PMT
for conversion into a signal.
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Figure 2.1: Energy bands in impurity activated crystal phosphor, showing excitation, lumi-
nescence, quenching and trapping processes[8]
2.2.1 Process/Mechanism of Scintillation
Figures 2.1 and 2.2 refer to the scintillation mechanism of inorganic crystals as a whole.
The exception for zinc oxide is that due to its low band gap in comparison to other inorganic
scintillation detectors activators are not needed in order to generate an acceptable number
of scintillation photons. This is called having direct band gap response. Because of this,
electrons do not have to travel to activator sites while in the conduction band to return to the
Figure 2.2: Energy band structure of activated crystal[9]
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valence band. Once excited, the electrons only have to move to a hole in the valence band
and cross the direct band gap. Because a hole is created when the electron is promoted
to the conduction band, the distance to travel is minimal in most cases allowing for very
fast response times, usually less than 10 ns. The valence band of the crystal represents
the electrons that are bound tightly to the lattice structure and have little if any ability to
move throughout the detector. Electrons in the conduction band are loosely bound to the
lattice and can move freely within the crystal. The band in between the conduction band
and the valence band is known as the forbidden band and electrons cannot be found there.
In this band is generally where activators lie, slightly above valence band for its valence
band and below the conduction band of the crystal. This allows for electrons to migrate to
the activator sites which reduce the threshold that the electrons must cross to return to the
valence band, but due to low percentage of activator sites, the response time is lengthened.
For example, the decay time for sodium iodide (NaI) is 230 ns, and cesium iodide (CsI) is
680 ns.[9]
In order to create and electron-hole pair, on average it take three times the band gap
energy.[9] Therefore, with the average band gap of ZnO, approximately 3.3 eV, it takes
approximately 9.9 eV to create one electron-hole pair. The light energy and number of
photons produced will correspond to electron-hole pairs which result in photon emission.
Because ZnO is a direct band gap scintillator or pure crystal scintillator the energy released
or liberated during recombination of the electron with the hole is roughly that of the energy
required to promote the electron to the conduction band which will result in overlap of the
absorption and transmission spectra.[9] This is talked about later in Section 2.2.2.
Photomultiplier tubes (PMTs) are often used with scintillatior detectors in order to con-
vert light into a signal to be processed. As seen in Figure 2.3, the light enters the top of
the PMT at the photocathode where it proceeds to dynode number one in the electron mul-
tiplier region. While in the photocathode region, the energy from the light is transfered to
an electron that proceeds to the first dynode of the electron multiplication region. As it
8
Figure 2.3: Basic Elements of a PM tube[9]
passes through the dynodes the electrons are multiplied until it reaches the bottom where
the signal is sent to a preamplifier at the anode.
2.2.2 Quenching, Self Absorption and Light Trapping
Just as important as it is in understanding the mechanism by which light photons are cre-
ated in scintillation, it is equally important to understand the mechanisms that both prevent
emission and prevent light from reaching the PMT and registering an event. Understanding
these effects and then being able to minimize their impact is important to all scintillation
research. Quenching, whether internal to the lattice or molecules bonded to the lattice sur-
face, causes electrons to return to the ground state or valence band without there being an
emission. The two main ways that light is lost are through self absorption and light trap-
ping. Self absorption occurs when light is created and then absorbed within the crystal, and
light trapping occurs as a result of refractive index and will self reflect a fraction internally
of the light with in the crystal structure trapping it.
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(a) Potential energy diagram of luminescence center or
molecule. aAa’, ground state. bBb’, excited state. AC, ab-
sorption transition. BD, luminescence emission transition.
FF1, region of internal quenching.[8]
(b) Absorption and luminescence emission transmission
showing origin of overlap[8]
Figure 2.4: Process of emission and areas that can result either in self absorption[8]
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Quenching
The emission of a light photon as discussed in the previous section is only one way that an
electron returns to the ground state or a state in which the energy and spin are satisfied. As
can be seen in Figure 2.1, there are other pathways for an electron to return to the ground
state besides the emission of a light photon in the process of crossing a direct bandgap, for
example quenching.
Quenching is an alternate path that an electron can take to transfer its energy and return
to the valence band, and it can occur either internally to the crystal (internal quenching)
or through a molecule or atom in the vicinity of the excited electron. Important in this
is electron transport and the ability of the electron movement in the conduction band to a
center where it will deexcite to valence band. Internal quenching occurs within the lattice
structure when an electron finds an alternate path to the valence band. As shown in Figure
2.4a, there is an area in the curve where the excited and ground state energy bands near
intersection (F and F1). If an electron is excited and makes its way to this spot then the
energy difference is very small and will be absorbed thermally in the crystal and return
to a lower vibrational state through vibrational relaxation. Another pathway to quenching
would involve electron transport to a quencher molecule. If a molecule containing elemen-
tal oxygen was bonded and in close proximity to the electron excitation, then the electron
would readily be accepted by oxygen and transfer energy thermally and through vibrational
relaxation to the ground state. The effect of oxygen as a quencher is well researched and
effect most areas of scintillation research.[10, 11, 12]
Self-Absorption
Even after scintillation light is produced via the deexcitation of electrons, there are mecha-
nisms working against it such as self-absorption and light trapping, which will be discussed
in the next section. One of the draw backs of pure crystal scintillators is the fact that there
will be self-absorption of light emitted. The reason for this self-absorption is because the
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energy required to excite and electron and create and electron-hole pair is roughly equal
to that of the energy released during de-excitement which will cause the absorption and
emission spectra to overlap causing self absorption.[9] In other words, it occurs when there
is an overlap in the relative positions of the potential energy curve wells of the ground and
excited states as shown in Figure 2.4b. In inorganic crystals this is quite common, and the
way that it is combated is through the use of activator impurities which essentially shift the
near band edge emission peak to the right past the absorption line so that it is not effected.
This effect is less extensive in organic and plastic scintillators because there is less volume
with respect to light emitting molecules.[8]
Light Trapping
Light trapping is when a light photon is internally reflected within the crystal and does not
escape in order to be picked up by the PMT.[8]




















= Fraction Internally Reflected (2.6)
Fraction Entrapped = 3cos(C)− 2 (2.7)
Using equations 2.3-2.7, as well as information obtained from [13], several important prop-
erties were calculated to better understand the fraction of light produced that will not be
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detected because it will never reach the PMT. Equations 2.3 and 2.4 is used to calculate
the refractive index for a particular wavelength (λ) for zinc oxide crystal and fused silica
respectively.[14, 15, 16] Equation 2.5 calculates the critical angle for a given refractive
index which can be used to calculate Equation 2.7 which is light that will be permenantly
entrapped.[8] Equation 2.6 is the percentage of light that will be reflected internally and
absorbed at the air interface.[8] This fraction is not known for the ZnO and fused silica
interface. The fraction lost at the interface between fused silica and the PMT is minimized
using silicon optical grease. These equations were used to calculate the fractions of light
that will not make it to the PMT which needs to be taken into account and the values for
these different properties are listed in Table 2.1.
Table 2.1: Zinc Oxide and Fused Silica Properties[8, 13, 16, 15, 17, 14, 18]
Property Zinc Oxide (Bond) Zinc Oxide
(Querry)
Fused Silica
Refractive Index 2.294 1.6140 1.4725




Fraction Trapped 0.701 0.354 0.201
2.3 ZnO Methods Overview and Applications in Fields of Science
2.3.1 Methods of Synthesis, Structure, and Emission
There are several methods to grow the nanorods or other nanoparticles for development
of a ZnO detector either as a single crystal or array of nanorods such as bulk melt[19],
metal-organic chemical vapor deposition (MOCVD)[20], cathodic magnetron sputtering
and reactive electron beam evaporation[21], spray pyrolysis[22], and electrodeposition[23].
The draw back from these methods are several fold in that the cost of production is very
high due to equipment needed to produce the samples, the scale to which they can produce
samples, and the quality and type of structures produced for their varying application varies
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with each. Using a low temperature hydrothermal method, a large area detector can be
grown on variety of substrates producing a dense array of nanorods with good crystalline
structure along one axis and is a fraction of the cost of the other methods.
For a hydrothermal growth process in solution, there are also a variety of methods with
respect to the reactants used, but most revolve around the use of either zinc nitrate hex-
ahydrate or zince acetate dihydrate. The main variant in research is how the population of
hydroxyl groups (OH−) and zinc ions (Zn2+) are produced. In this project, hexamethyle-
neamine (HTMA) and zinc nitrate hexahydrate were used. The formation of ZnO, GZO,
and IZO using HMTA can be summarized by the following chemical equations [24]:
(CH2)6N4 + 6H2O → 5COH2 + 4NH3 (2.8)
NH3 +H2O → NH+4 +OH− (2.9)
Zn(NO3)2 · 6H2O → Zn2+ + 2NO−3 + 6H2O (2.10)
Zn2+ + 2OH− → Zn(OH)2 → ZnO +H2O (2.11)
Ga(NO3)3 · xH2O → Ga3+ + 3NO−3 + xH2O (2.12)
4Ga3+ + 12OH− → 2Ga2O3 + 6H2O (2.13)
In(NO3)3 · xH2O → In3+ + 3NO−3 + xH2O (2.14)
4In3+ + 12OH− → 2In2O3 + 6H2O (2.15)
The molarity of the different additives from Equations 2.8-2.15 can be varied and
changed to achieve the results that are needed for its desired use. Hydrothermal growth pro-
cess usually entails suspending the substrate to be grown on upside down with the growth
surface floating on top of the solution. Temperature of growth using various temperatures
from 60-100oC has been achieved and can be readily found in literature.[25, 26] Generally,
the temperature if kept under 100oC due to boiling temperature of the water molecules in
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the solution.
Figure 2.5: Schematic representation of a wurtzite ZnO structure[27]
The wurtzite structure of ZnO is well known and well researched. Research into ZnO
typically involves altering the wurtzite structure in different ways such as increasing bond
lengths and angles through the addition of dopants which replace Zn2+ ions within the
lattice structure or migrate into interstitial spaces. The lattice constants of pure, perfect
ZnO wurtzite crystalline structre are a = 0.3296 nm and c = 0.526065 nm which are present
in the hexagonal structure with zinc and oxygen ions on alternate planes.[25] The location
of the ions on different planes yielding a polar molecule can be seen in Figure 2.5.
The largest area of contention within the scientific community is the analysis of the
photo-luminescence emission spectra and the cause of the different peaks. The broad green
peak found in photo-luminescence spectra of ZnO has been proposed to be due to the
zinc vacancies [4], which was contested and said to be caused by oxygen vacancies or
zinc interstitials.[28, 29] Furthermore, there has been literature that claims that impurity
defects within the lattice structure are the result of the green emission and yellow emission
from the presence of hydroxyl groups and not interstitial oxygen or zinc vacancies.[30]
The suppression of the broad green-yellow peak can be achieved or reduced through many
methods whether it is dopants or annealing methods. This area of contention needs further
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investigation so that ways to further suppress or enhance the broad peak can be properly
addressed.
Indium and Gallium Dopant
A variable introduced into this research was the use of dopants in order to assess the
changes in structure as well as performance with respect to photo-luminescence spectra
and radiation detection. Dopants have been shown to alter performance characteristics
such as a shift in the emission spectrum, supression of parts of the emission spectrum, and
a change in band gap energy needed to create the light emission. The two dopants that were
chosen for this research are indium(III) and gallium(III).
(a) Optical transmission and reflectance spectra of
ZnO:In films
(b) Optical absorbance spectra of ZnO:In films.
Inset shows plot of (αhv)2 versus photon energy
Figure 2.6: Reference information for choosing indium(III) as a dopant.[31]
Indium(III) in the form of indium(III) nitrate was chosen as a dopant for a few reasons,
for example shifting of the transmission spectra and decrease in absorbance near the band
edge light emission. A draw back of indium(III) is that the band gap does increase with the
added impurity in the crystal, but the increase is only approximately 0.04 eV from 3.24 to
3.28 eV.[31] The reason that the band gap increases is explained in terms of Burstein-Moss
band gap widening, which says that the increase in the Fermi level in the conduction band
16
due to the impurity leads to the band gap energy broadening. According to this effect,
a higher concentration of impurity will result in a larger broadening of the gap.[31, 32]
As can be seen in Figures 2.6a and 2.6b, there are significant changes in the transmission
and absorption spectra generated when ZnO is doped with indium. In all cases, except for
doping with high concentrations 4% and above, the transmission and absorption change to
make the use of ZnO:In favorable. The shift of the transmission percentage to the left and
absorption down prior to the 380 nm wavelength is ideal due to the near band edge light
emission by ZnO. As with most dopants, there is some suppression of the emission peaks,
but the shift will minimize the effect.
(a) Optical transmission and reflectance spectra of
ZnO:Ga films (b) Optical absorbance spectra of ZnO:Ga films.
Figure 2.7: Reference information for choosing gallium(III) as a dopant.[33]
Gallium has been used in several studies with varying degrees of success in attempt to
enhance optical and electrical characteristics of ZnO nanorods, which both have a direct
relationship to its ability to detect radiation. Similarly to other dopants, gallium shifts
the transmission and absorption spectra and affects the intensity of both the ultraviolet
and green impurity emission. While with other dopants the impurity generally shifts the
transmission spectrum further left into ultraviolet, gallium has been shown to shift the
spectrum to the right as shown in Figures 2.7a and 2.7b, which could cause some of the
ultraviolet emission at 380 nm that is emitted upon de-excitation to be self-absorbed within
the crystal without making to the photomultiplier tube to register an event.[24, 33] A partial
17
Figure 2.8: Models of ZnO:Ga a)pure; b)substitution doping; and interstitial site in c)
octahedron and d)tetrahedron[34]
Figure 2.9: Transmission spectra of GZO using the ZnO:Ga models[34]
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explanation can by surmised from [34] which used a theoretical approach using different
locations for the gallium dopant as shown in Figure 2.8. The four cases shown in [34] are
undoped, lattice substitution of Zn2+ with Ga3+, and two interstitial location (tetrahedron
and octahedron) which effect bond length and angles. As shown in Figure 2.9, the different
models produce very different results with respect to the transmission spectrum. What
can be surmised from this spectra is that the experimental spectrum achieved will most
likely be a combination of the three dopant locationswith a shift in the spectra resulting in
varying degress of emission suppression. Gallium has been used as a dopant in ZnO thin
film [35] and bulk melt single crystals [19] for α-particle detection as a scintillator as well
as the subject for investigation into optical qualities which is what drove the incorporation
of gallium doping into the scope of this project.
Sodium Citrate Protocol
Sodium citrate as an additive to the ZnO growth process and effect on the ability to modify
the growth habits of ZnO is known. The modification to the growth habits is the promo-
tion of lateral growth in addition to the already preferred vertical growth to obtain wider
nanorod structures.[36] This is accomplished due to the vertical growth being stunted be-
cause the presence of citrate anions in the aqueous solution results in the complexation of
Zn2+ with citrate anions.[37, 38] Essentially, by adding sodium citrate, Zn2+ ions can be
inhibited from attaching to the vertical component of the wurtzite structure allowing for
larger lateral growth. With sufficient Zn2+ ions in comparison to citrate anions, there will
still be significant growth along the c-axis, but the inclusion of the citrate will also allow
for more lateral growth. Electron transport crystal to crystal is unknown, but assumed inef-
ficient in comparison to migration within parent crystal; therefore, a wider nanorod should
provide more luminescence centers for electrons to migrate to.
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2.3.2 Applications in Fields of Science
Zinc Oxide in its many forms is the subject of research across various fields of science for
its many different properties. Most of the application involve the semi-conductor charac-
teristics but are generally limited to n-type semi-conducting applications as a viable and re-
liable method for p-type construction has yet to be achieved with any consistency although
there are reports of breakthroughs. Due to its electron mobility, thermal conductivity, band
gap characteristics, and exciton binding energy, ZnO can be made suitable for devices such
as transistors, photodetectors, and light/laser diodes that operate in the UV/blue region.[4]
Zinc oxide has also shown promise as a thin film scintillator for the detection of alpha
radiation and been used in DT neutron generators used for detection of special nuclear ma-
terials.[39] Another area that ZnO has been applied is in the area of solar cell research.
As research and development moves away from concentional photovolatic solar cells and
towards excitonic solar cells, ZnO becomes a prime candidate due to its high electron mo-
bility and wide surface area.[40]
Zinc oxide, due to its radiation hardness, has far reaching application not just on Earth
but in space with little effect of high energy radiation even at temperature as low as 130
K.[41] Unlike common semiconductors used today, for example GaN, Si, CdS, and GaAs,
ZnO has a very high radiation hardness as well as strong optical and electical properties
which make it a very promising semiconductor for research into space applications.[42, 43]
The creation rate of vacancies due to radiation interactions is approximately 30 times lower
than that of GaN.[5, 44] The same properties that make ZnO applicable as a semiconductor





All chemicals used in this project were purchased through Sigma Aldrich, and chemical
information and properties are available in Appendix A, Tables A.1 and A.2.
3.1 Substrate Selection
The first step in the project entailed selecting a substrate to grow the zinc oxide (ZnO)
nanorods on. The selection was made purely on research done into weighing the different
properties of the substrates as well as the cost per substrate. The key contributing charac-
teristics that were taken into account are transmission percentage at 375-380 nm, surface
energy, and cost. Surface tension of the contributing solvents used in the seeding experi-
ment will also be discussed.
Many glass-type substrates such as fused silica, ITO glass, or quartz will not wet, which
is to form a thin film of liquid across the surface of the glass, without the presence of an
alcohol solvent. This can be seen in any rudimentary experiment with a drinking glass with
water and a wine glass with wine. When the glass of water is poured out, the water will
bead on the sides of the glass which shows its lack of ability to wet. Unlike water, alcohol
has a very good wetting ability on glass as evidenced by the thin film or wet appearance
after the wine is poured out. The reason for this is due to the surface tension of the liquid
and the surface energy of the substrate [45]. The higher the surface tension of the liquid
and the lower the surface energy of the substrate are, the higher probability a liquid will
bead up.
In Table 3.1 and Table 3.2, the values for the surface tension and surface energy of
solvents and substrates are given, respectively. The cost and transmission percentage at
375 nm of the substrates are also given in Table 3.2. Surface energy and surface tension are
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Table 3.1: Surface Tension of Solvents [46, 47, 48]















Fused Silica 104 99% 9.50
ITO Glass 47.1 <70% 9.90
Quartz 400 93% 24.58
a driving force in ability to coat a material with a solution. In general, to coat a substrate
a form of alcohol, whether ethanol or methanol, is used. The reason for this is the low
surface tension in comparison to other solvents, for example water. The issue with many
alcohols is the low vaporization point of the liquid, but this can be altered with additives
such as monoethanolamine (MEA) which is a main contributor to the sol-gel process which
will be further discussed in the next section. Surface energy of a solid in contrast to surface
tension of a liquid needs to be high to facilitate coating. Surface energy is what attracts the
liquid into a coat through bonds at the atomic level. The selection process of the substrate
came down to transmission percentage at 375 nm and cost at a higher degree of importance
than surface energy. Fused silica has the highest transmission percentage in UV and is
the cheapest among substrates suitable for this experiment. The surface energy of quartz
is higher and the transmission percentage does rival fused silica, but due to wanting to
maximize the light reaching the PMT and reduce cost, fused silica was chosen.
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3.2 Seeding Technique and Procedures
In order to grow a uniform vertical array of ZnO on a fused silica substrate or any other
desired substrate, for example ITO or quartz, the initial seeding of the substrate proves to
be one of the most important steps. The reason for this is because without a uniform secure
seed layer covering the entire growth area, the nanorods will tend to form clusters with
growth in multiple directions also known as nanoflowers. Nanoflowers and other structures
formed as a result of nonuniform seeding reduce efficiency of electron transport within
the crystal which is important to emission of scintillation light.[53] In general, there are
four different methods for seeding a substrate that have been used in previous research
conducted in this area: sputtering, physical vapor deposition, dip coating, and spin coat-
ing. The first two, sputtering and evaporation, were not conducted as these processes are
expensive due to equipment involved and time.
Prior to seeding, the substrates were cleaned thoroughly. There are many methods to
cleaning and preparing a substrate for seeding. A widely used one is the use of the an
ultrasonic cleaner and a variety of cleaning agents.[24] The process used for cleaning and
preparing the 50.8 mm fused silica substrates utilized a combination of a few different
chemicals in an attempt to “rough” the surface to increase surface energy available for
bonding of the seed solution as well as remove any manufacturing by-products on the sur-
face. The substrates were cleaned with warm soapy water for 8 minutes and then subjected
to the following in the ultrasonic cleaner for eleven minutes each: acetone, isopropanol,
and DI water. This was repeated once.
The first part of the seeding experiment undertaken was a dip coating using prefabri-
cated ZnO nanoparticles in the form of a powder purchased through Sigma Aldrich. The
process began with a treatment layer of dodecane-thiol in ethanol. The substrate was treated
with a solution of of 1% dodecane-thiol (CH3(CH2)11SH) in ethanol through application
using a scratch resistant foam applicator brush and then heated at 100oC for 15 minutes.
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The solution of dodecane-thiol in ethanol has been shown to improve seeding of different
substrates, for example woven fibers and other glass like substrates creating a more even
seed layer by applying the solution.[54, 55] Dodecane-thiol improves bonding of metal ox-
ides, for example zinc oxide, by altering the surface of fused silica substrate to allow zinc
oxide particles to readily bond to its surface. The thiol-groups functionalize the surface
of the silica wafer as a method for binding medals and medal oxides such as zinc oxide
to its surface.[55] Following the treatment, the substrates were suspended in a mixture of
isopropanol and the prefabricated ZnO nanoparticles in the form of powder for 15 minutes
while constantly being stirred using a magnetic stirrer. The substrate was then removed,
gently washed with deionized water to remove any loosely bonded nanoparticles to pre-
vent large buildup of loose seed crystals on the surface of the substrate, which would cause
growth deformities and multi-axial growth patterns. The samples were then preheated at
150oC in air for 15 minutes. This procedure of dipping was performed three times. Post
annealing was done at 300oC for 30 minutes in air.
The second part of the seeding experiment undertaken was using spin coating and a sol-
gel process. An overview of the process of the sol-gel method is depicted in Figure 3.1 as
well as the different techniques for the thin film deposition onto a substrate or the creation
of a ceramic. The sol-gel seeding solution was prepared using a solution of 0.6M zinc
acetate dihydrate (C4H10O6Zn) and 0.6M monoethanolamine (MEA).[24] The purpose of
MEA is to stabilize the solution due to the low vaporization point of alcohol solvents. The
solvents that were used as a variable in order to determine the best for this experiment were
ethanol and methoxyethanol as used in [57] and [24], respectively. Both of these have been
used in the preparation of solutions by other researchers. The solution was mixed at 60o C
for 2 hours and then allowed to age for 24 hours before being sealed.[24] The seed layer
was developed similar to that of [24] with the variation being that the spin coating was
done for 30 seconds at 3000 rpm. The reason for this is to allow for more of the solvent to
evaporate yielding a stronger seed layer.[45] The amount of seed solution dispensed was
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Figure 3.1: Overview of the sol-gel synthesis method: a) Thin films via colloidal solution;
b) Ceramic formed from colloidal solution that has been transformed into a gel [56]
200 µL to allow for full surface coverage. The seed layer was then pre-heated at 250oC
for 10 minutes and then cooled to approximately 50o C at a rate of 7-8oC/min before being
removed. This process was performed three times and then post-annealed at 550oC for 1
hour in air.
3.3 Growth Technique and Procedures
A low temperature hydrothermal growth process was utilized as it is a low cost effective
means of growing quality ZnO nanorods. The solution used to grow the nanorods consisted
of 0.05M Zinc Nitrate Hexahydrate, 0.025M Hexamethyleneteramine (HMTA), 0.9M Am-
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monia Hydroxide, .0012M Sodium Citrate, and the dopant whose concentration was varied.
The reactions that generate the the ZnO nanorods was discussed in Section 2.3.2 Equations
2.9-2.16 as well as the role of each reactant in the generation.
This solution was put a glass jar and the seeded substrate was floated on top of the
solution by wrapping the outer edge of the sample with teflon tape allowing for growth only
on seeded side of the substrate. The jar was sealed with teflon tape and placed in a Yamato
DKN400 Mechanical Convection Oven for 24 hours at 95oC. Following growth, the jars
were removed from the oven, and the samples removed. Each sample was thoroughly
rinsed with DI water and then blown dry using a 10% Hydrogen-Nitrogen balance gas,
which is the initial cleaning process used. Following characterization and attempt to detect
ionizing radiation, it was discovered that there was most likely a large presence of quencher
molecules bonded to the surface of the substrate resulting in the suppression of scintillation
light. Following this discovery, a new cleaning method was introduced, and it consisted of
high purity ethanol as a rinse using a steady stream followed by DI water and then repeated.
After the rinse, the sample was thoroughly dried as before with a normal dry time of 3-4
minutes. This process was repeated once before further characterization was conducted
with results being shown in the next chapter.
3.4 Characterization
3.4.1 SEM Structural and Atomic Analysis
In order to assess the structural shape, diameter, and length of the nanorods, the LEO 1530
Scanning Electron Microscope(SEM) with Energy Dispersion Spectroscopy(EDS) capa-
bility was used. Measurements were taken using the tool provided in the SEM program
and confirmed using image analysis software, ImageJ. The purpose of SEM imaging is to
verify uniform growth along one axis with even dense distribution before making any mea-
surements or conducting spectroscopy. After verification of the physical characteristics,
measurements of the diameter of several nanorods were taken and averaged as well as a
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side angle of the sample viewed to take height measurements. A set up of the system as
used in the laboratory is shown in Appendix A.
Atomic analysis of the samples to determine true percentage of dopant that was incor-
porated into the sample can be assessed through use of the EDS. The purpose of this is
to better determine dopant concentration needed for future experiments into ZnO research
such as nanocomposites and bulk melt. Later samples were not able to be analyzed using
this feature of the SEM due to repairs needing to be made offsite, but would be benefitial
to have the samples tested in the future to assess the actual dopant concentration in the
crystals compared to that added to the growth solution.
3.4.2 Photo-luminescence Spectra
A photo-luminescence (PL) spectrum characterization is an optical characterization of a
material that utilizes a laser to excite electrons across the band gap from the valence band
to the conduction band to facilitate light photon emission as it returns to the valance band.
Materials and compounds emit at different wavelengths and intensities and can be used to
gauge the intensity of emission by a material when in the presence of radiation. The use of
the laser is a non-destructive form of excitation where the use of radiation is a destructive
form of excitation which can cause damage to crystalline structure over time through the
creation of vacancies in the lattice structure.
Photo-luminescence spectra were obtained using a Kimmons IK5451R-E He-Cd dual
wavelength laser with seven inches between shutter and sample as depicted in Figure 3.2.
The wavelength used to excite the samples was the 325 nm with an output power of 10
mW. Spectra with the shutter open and closed were taken, averaged, and the background
removed from the spectrum to yield the emission spectrum. A 325 nm Cuvette was used to
filter out the 325 nm wavelength emitted by the laser. The signal from the fiber optic camera
was processed through an Ocean Optics USB2000 Fiber Optic Spectrometer converting it
to a digital signal.
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Figure 3.2: Photo-luminescence Spectra gathering Setup
3.5 Radiation Detection
The detection of ionizing radiation in the case of ZnO was focused on alpha particles, but
through the inclusion of 6Li or 10B, neutrons can be detected because of the secondary
charged particle produced from the reactions between the absorbers and the neutrons. The
secondary particle of these elements is an alpha particle, which is where the radiation de-
tection of this project is focused. Due to the range and mean free path of a 5.5 MeV alpha
particle being small compared to other radiation in like media, approximately 3.5 cm and
15.43 µm in air and ZnO, respectively, the energy of the alpha particle will change a great
deal over small changes in distance from the detector.[7, 9, 59, 58] With the use of a thin
film as a detector with an approximate of 2-3 µm, the projected range of the alpha particles
is larger than that of the detector as shown in Table 3.3. In this experiment, the source
distance from the detector was varied from 1.0 cm to 2.5 cm with incremental distance
changes at 1.5 and 2.5 cm. The setup utilized a light proof box, NIM bin, and computer
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Figure 3.3: Radiation Detection Setup Overview
Figure 3.4: Light Proof Box Setup
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Table 3.3: Projected Range of α-particles in ZnO[58]













consol. In the light proof box, a Phillips X2020 photo multiplier tube with the detector cou-
pled to it using silicon optical grease and a collumator with a 3 mm diameter hole drilled
attached 0.5 cm from the surface of the detector. Cables were run from the light proof box
to an Ortec 113 preamplifier which connected to equipment in the NIM bin. The equipment
powered by the NIM bin included an Ortec 572 Amplifier, an Ortec 926 ADCAM MCB,
and an Ortec Model 3002D High Voltage Power Supply used to power the PMT. The MCB
converts the analog signal received from the amplifier to a digital signal read by the com-
puter running Maestro, which is a software developed by Ortec. The overall and light proof
box setups can be seen in Figures 3.3 and 3.4. The purpose of the collumater was to shield
out alpha particles that had an angle of incidence outside of that which would put it inside
of the hole which will produce a better photo peak at the cost of count rate. Due to the
decreased count rate, spectra were taken over 3 hours.
The ultimate goal for the research into ZnO as a radiation detector is the detection of





Due to the broad scope of the project and the multiple avenues of analysis taken in order
to develop the best baseline for future work with respect to seeding, growth, and char-
acterization, optimization will require more in-depth experimentation and analysis in the
future to determine the functionality of a zinc oxide nanorod detector. In this chapter, a
look at seeding techniques, crystal/nanorod characterization, photo-luminescence spectra,
and α-particle radiation detection ability are discussed. The purpose of the multiple areas
of analysis and data collection is to provide the best baseline possible in ZnO nanorod ra-
diation detectors for future work to be conducted in refining and optimizing the detector
to determine viability for commercialization as a radiation detector. Future work into this
specific type of detector will be discussed further in Chapter 6.
4.1 Comparison of Seeding Technique
To achieve uniform growth along the vertical axis perpendicular to the substrate, the seed-
ing of the substrate is very important. Without a uniform seed layer that covers the entire
surface of the substrate, there will be alternate crystal formation, for example nanoflowers
and nanoclusters. These formations create a less efficient structure with respect to electron
mobility as the electron has to cross crystal boundaries in some instances or traverse ab-
normal formations to find a site to return to the valence band. Of the forms of seeding as
discussed in Section 3.2: Seeding Techniques and Procedures, dip coating and spin coating
were chosen due to cost, equipment availability and time.
The first process, dip coating, utilizes prefabricated nanoparticles in the form of a pow-
der, which was added to isopropanol to make a colloidal mixture. As can be seen in Fig-
ure 4.1a, the seeding of the substrate produced a non-uniform and incomplete seed layer
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(a) Seed Layer (b) Overview Image of Nanorods
(c) Magnified Image of Nanorods
Figure 4.1: Seed Experiment 1 Results from Seed to Growth
with large gaps of substrate that did not accept a seed layer. Due to the non-uniform and
incomplete seed layer, the formation of nanoflowers and nanoclusters occurred. These for-
mations do not adequately cover the surface of the substrate as shown in Figures 4.1b and
4.1c; therefore, due to both non-uniform and incomplete growth across the surface of the
substrate, the dip coating process was determined to be ineffective for this work in the
development as a radiation detector. Without complete coverage and a uniform growth, de-
tection ability will not be optimized and create gaps in coverage across the detector as well
as incomplete and uneven energy transfer. Also, the formation of clusters and nanoflowers
degrades the efficiency of electron transport within the crystal structure which will effect
radiation detection as electron/hole pairs migrate to luminescence sites.[60, 61] The reason
for this is that the migration of electron/hole pairs has very high mobility within crys-
talline structure of ZnO, but very poor with respect to movement between crystals. There-
fore, vertically aligned nanorods will have the best mobility and transport to recombination
sites.[61] The incomplete coverage was verified using energy dispersive spectroscopy and
32
Figure 4.2: Incomplete coverage of substrate confirmation through Energy Dispersive
Spectrocscopy: (A) SEM Image analyzed, (B) Zinc, and (C) Silicon
can be seen in Figure 4.2. The empty space seen on SEM pictures was confirmed to be
silicon which confirms the incomplete growth across the substrate.
Dodecane-thiol concentration was varied in order to ascertain if an increased presence
of thiol groups available to functionalize the fused silica molecules would enhance the
ability of the nanoparticles to bond to the surface. There was no change to the overall seed
layer formed on the surface of the substrate by increasing the concentration of dodecane-
thiol; therefore, while the dodecane-thiol treatment did increase the ability for nanoparticle
to bond to the surface, it was not a great enough effect as to ensure a uniform seed layer
covering the entire surface. This led to the conclusion that seed experiment one should not
be used for this project.
The second process investigated involved the use of a spin coater to deposit a layer of
ZnO. Using the same process as described in [24], the same results with respect to clearly
defined crystalline shape of the seed layer were not achieved but did yield uniform cover-
age containing the needed elements to form a seed layer to produce a vertically aligned,
dense nanorod array. Though the actual cause is not able to be determined at this time, the
alteration of the substrate may have resulted in less crystalline form of the seed layer or use
of standard convection oven instead of furnace resulted in a less ideal heating environment.
33
(a) Seed Layer for Seed Experiment 2
(b) Seed Layer from [24]
Figure 4.3: (a)Results of seed deposition using method in [24] and (b)Results achieved in
[24]
Further analysis and experimentation into this seeding technique is needed on fused silica
as there was not a published paper discovered that covered a preferred seeding techniques
for fused silica with ZnO and how to achieve optimal results. This will be further discussed
in Chapter 6. As can be seen in Figure 4.3a, the seed layer due to spin coating covers the
entire surface of the substrate, and though crystalline layer was not achieved, it provided
a better layer to grow uniform nanorods along one axis then the first seed experiment as
shown in the next section. The seed layer appears as though it starts to form crystalline
structures which with additional heating procedures could form the seed layer as seen in
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Figure 4.3b.[24] Due to the full coverage of the substrate formed by using spin coating, it
was determined that at this point, unless access to the various other means such as evap-
oration deposition or sputtering is available, spin coating is the more cost effective means
of depositing a seed layer that covers the entire face of the substrate. For the remainder of
the experimental results and discussion chapter, the spin coating seed technique was used
to achieve the results shown.
4.2 Scanning Electron Microscope (SEM) Characterization
Characterization of the nanorods of both undoped and doped samples was undertaken to
view the crystalline structure as well as see the effects of the dopants on the overall growth
mechanisms as seen from the dimensions of the nanorods (height and width) in 4.1. Char-
acterization of the crystalline structure is needed in order to ensure that no crystalline off-
chutes were formed off of the face of the nanorods. Off-chutes or splintering crystals occur
due to non-uniform growth and seeding and effects have been seen when different anneal-
ing atmospheres were used during the first seed experiment as seen in Figure 4.4. If the
seed research reaches the point where annealing can be performed, then an alternate atmo-
sphere such as pure hydrogen, hydrogen/nitrogen mix (normally 10%, balance nitrogen),
or hydrogen/argon (normally 10%, balance argon) are choices that could be used. In order
to obtain length measurements, the samples were broken in half using a glass cutter and
analyzed. There was little variation from the middle of the substrate to the edge of the
growth region which is promising and shows uniform growth of the nanorods across the
face. Length of the nanorods is important because due to the nature of thin film detectors.
Many times, the range in matter of ionizing radiation exceeds that of the detection area
and ZnO nanorod detectors are no exception. Studies into achieving long nanorods of a
length of fifteen to sixteen micrometers is work to be performed in future research while
also keeping width of nanorods for improved electron transport. The reason for needing




Figure 4.4: Off chutes and splintering causted by annealing in air rather then atmosphere
void of oxygen
particle (241Am emission) is approximately 15.4 µm as shown in Table 3.3.
To compare how the dopant as well as dopant concentration effects the growth and
morphology of the crystal structure, they will be compared to an undoped sample grown
and tested under the same condition. SEM images showing the dense full coverage of the
substrate, a magnified view of the nanorods used to take measurements of the width, and
an image taken from the broken side of the substrate to record height for various dopants
and dopant concentrations are shown in Figures 4.5, 4.6, 4.7, 4.8, and 4.9. Based off of
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(a) ZnO Undoped Overview (b) ZnO Undoped Magnified
(c) ZnO Undoped Side Height Measurement
Figure 4.5: Scanning Electron Microscope (SEM) images of undoped sample of ZnO
(a) ZnO:Ga 1.0% Overview (b) ZnO:Ga 1.0% Magnified
(c) ZnO:Ga 1.0% Side Height Measurement
Figure 4.6: Scanning Electron Microscope (SEM) images of ZnO:Ga 1.0%
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(a) ZnO:Ga 0.5% Overview (b) ZnO:Ga 0.5% Magnified
(c) ZnO:Ga 0.5% Side Height Measurement
Figure 4.7: Scanning Electron Microscope (SEM) images of ZnO:Ga 0.5%
Table 4.1: Measurements of Nanorods from SEM Images
Sample Length (µm) Width Measurements (nm)
ZnO Undoped 3.385 669.3x780.5
ZnO:In 1.0% 2.542 411.2x473.2
ZnO:In 0.5% 2.130 621.8x559.6
ZnO:Ga 1.0% 1.900 644.9x584.4
ZnO:Ga 0.5% 2.251 667.0x598.2
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(a) ZnO:In 1.0% Overview (b) ZnO:In 1.0% Magnified
(c) ZnO:In 1.0% Side Height Measurement
Figure 4.8: Scanning Electron Microscope (SEM) images of ZnO:In 1.0%
previous research performed at higher dopant concentrations of the dopants used, there was
a preconceived notion of what the comparison for each dopant would look like compared
to undoped.[24, 62] Gallium reduces the length to a large extent and has small effect on
the width as well as gives poor overall crystal structure and indium generally reduces the
length slightly and the width is narrower than that of undoped.[24]
As can be seen in Table 4.1, the generalizations stated above for the most part held
true. Further analysis over larger areas of the samples to give a true average is needed to
truly confirm effects of dopant and dopant concentration, but with analysis conducted, the
results fall in line with notions conceived through literature. With indium doped nanorods,
as expected, the length reduces approximately 800 nm and the width measurements reduce
200-300 nm which is in line with previous results and research with the shortening and
narrowing of the nanorods. When the concentration of indium was reduced, the width
measurements increase as would be expected as the nanorods get closer to the undoped
growth mechanism, but the length decreased which could result from several factors such
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(a) ZnO:In 0.5% Overview (b) ZnO:In 0.5% Magnified
(c) ZnO:In 0.5% Side Height Measurement
Figure 4.9: Scanning Electron Microscope (SEM) images of ZnO:In 0.5%
as citrate interaction shift more to the Zn2+ ion. At higher dopant concentrations, citrate
anions might be largely taken up by dopant ions allowing more availability of Zn2+ for
vertical growth. Dopant ions have a higher positive charge, In3+ and Ga3+ compared to
Zn2+; therefore, the ions would have a higher attraction to the citrate anions. Several
reasons are possible such as the length measurement taken is not a true length and is on
the shorter end which would be verified through more in-depth analysis and measurements
or perhaps the decreased length is due to a morphology change of the crystal due to a
decreased concentration of defect. A change in placement of dopant ion within the crystal
effects many things such as bond lengths and shape and any of these rationale could be the
cause. Theoretical analysis has not be performed for ZnO:In with respect to effects caused
by ion replacement versus interstitial placement of dopant ion and could be analyzed in the
future. With respect to ZnO:Ga the results are as expected for the 1.0% and 0.5%. There
was a great decrease in length (1.0+ µm) as seen in previous research literature with an
overall crystalline degradation. The reasons for the vast difference between the two dopants
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even though in same elemental group in the crystalline structure and shape is unknown at
this time and not present in research done in literature review.
4.3 Photo-luminescence Spectra
Figure 4.10: Photo-luminescence Spectra of Undoped ZnO, Seeded Substrate, and Blank
Substrate
Photo-luminescence spectra verify band-edge emission (approximately 380 nm) and
lower energy, broader emission in the visible spectrum were taken of all samples as well
as a seeded sample and blank substrate. The purpose of taking spectra of the seeded and
blank substrates was to note any effects that they may have on the overall emission by
the samples of grown nanorods. The emission spectra of the blank and seeded substrates
compared to the undoped emission spectra can be seen in Figure 4.10. As expected, there
was little emission by the blank substrate as the transmission percentage for wavelength
of the laser is almost 100%. The little absorbed by the substrate shows a minor emissions
consistent with emission spectrum of elemental oxygen and silicon, both present in fused
silica (SiO2). Elemental spectrums can only explain parts of the emission spectrum as the
addition of bonds and their respective bond lengths also greatly affect the emission of a
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(a) Zinc (b) Oxygen
(c) Gallium (d) Indium
(e) Carbon (f) Sodium
(g) Hydrogen (h) Nitrogen
(i) Silicon
Figure 4.11: Emission Spectra for various elements present in Seed and Growth Solutions
and the Substrate.
molecule or crystal. The seeded spectrum shows a very strong emission in the broad emis-
sion area of the undoped ZnO sample. The transmission percentage of 325 nm wavelength
used for excitation is near zero and will be absorbed within the length of the sample mostly
near the surface of the nanorods; therefore, the broad emission of the grown sample cannot
be directly assigned to the seed layer. The broad emission has been analyzed and discussed
since the research into ZnO began in the early to mid-twentieth century. One school of
thought is that the broad emission is caused by impurities within the ZnO nanorod struc-
ture and based off of the emission of the seed layer this would trend towards that hypothesis.
Other researchers have assigned the broad emission to oxygen vacancies within the lattice
structure but without more in-depth analysis of the seed layer itself neither hypothesis can
be verified for this instance.[28] Further explanation is available in Section 2.3.1 as to the
cause of the broad emission and the contradiction and disagreement between researchers.
Since defined hexagonal crystalline seeds were not formed, there are most likely impurities
from the other elements that make up the seed solution that were not completely evapo-
rated and removed during pre- and post-heating processes. Without fully formed crystilline
structure, vacancies within the loosely formed strutures are plausible.
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Figure 4.12: Photo-luminescence Spectra of Undoped ZnO Pre- and Post-Cleaning Method
Due to the poor scintillation detection of ionizing radiation, which will be further ex-
plain later in this chapter, a new post growth washing technique was implemented as written
in Section 3.3. The reason for this is due to quenching atoms, ions and molecules bonded
to the surface of the crystal. Normally, these are removed through an annealing process,
but due to inability to anneal as previously discussed they needed a more extensive washing
procedure. The new washing had some effect on the photo-luminescence spectrum of un-
doped ZnO as peaks became more defined and the broad emission was slightly reduced as
seen in Figure 4.12. The band edge emission was unaffected with only a minor increase in
intensity with the cleaning method, but as will be shown in the radiation detection portion
of the this chapter, the effect of the cleaning was significant which trends towards the belief
to some extent that a large presence of quenching molecules bonded to the surface of the
crystals.
The photo-luminescence spectra of both indium and gallium are shown in Figures 4.13
and 4.14 respectively and then compared according to dopant concentration of 1.0% and
0.5% in Figures 4.15 and 4.16 respectively. With the exception of ZnO:In 1.0%, the in-
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Figure 4.13: Photo-luminescence Spectra for ZnO and ZnO:In samples at 1.0% and 0.5%
Figure 4.14: Photo-luminescence Spectra for ZnO and ZnO:Ga samples at 1.0% and 0.5%
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Figure 4.15: Photo-luminescence Spectra for ZnO and 1.0% doped samples of In and Ga
Figure 4.16: Photo-luminescence Spectra for ZnO and 0.5% doped samples of In and Ga
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clusion of gallium and indium affected the PL spectra in line with the thought that the
broad emission is due to zinc vacancies and that the inclusion of dopants such as indium
and gallium decreases the number of zinc vacancies as they would take the place of the
vacant zinc in these positions. By decreasing the zinc vacancies, the broad emission is sup-
pressed to some extent but also effects the near band edge emission as discussed in Section
2.3.1. With the inclusion of dopants the shift in absorption and transmission band, there
will be degradation in the emission spectra. The contradiction throughout literature as to
the cause of the broad emission prevents precise explanation as the effects of the dopants
on the photo-luminescence spectra. The conclusions that can be drawn from the spectra
are that the inclusion of gallium and indium do have an effect on the emission properties
and intensities in comparison to undoped ZnO and that the change in dopant concentration
again alters the spectra. Whether the concentration effects placement within the crystal
such as interstitial and lattice substitution cannot be confirmed; however, there has been
theoretical research into the effects of such placement on the photo-luminescence and ab-
sorbance spectra with respect to gallium doping in ZnO as shown in Section 2.3.1. From
previous research, the interstitial placement of gallium is the cause for the degredation of
the emission spectra.[34] The emission spectra for gallium doped samples shows that sub-
stitutional placement is preferred due to improvement of emission spectra with decreasing
concentration.
4.4 α-particle Detection
The next area of emphasis was to test the ZnO nanorods as radiation detectors against an al-
pha emitter, 241Am. Due to the size of the detector surface area and volume, approximately
20.27 cm2 and .0051 cm3, respectively, using 2.5 µm nanorod length and 2.54 cm radius,
the effectiveness for ionizing radiation such as neutrons and gamma is essentially zero and
limited at best. For heavy charged particles, for example alpha particles, that have a high
linear energy transfer (LET), the detectability using thin film detectors increases. Because
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the range of an alpha particle in ZnO is greater than the length or thickness of the nanorod
detector, the full energy is not deposited by alpha particles interacting with the detector. In
the next section, a theoretical approach to determine energy deposited was taken depending
on energy entering the detector which was attenuated by increased distance of source from
the detector. Physical experiments were done by varying the distance from the detector for
undoped ZnO and also comparing spectra results for 2.50 cm source distance from detector
for doped samples. For a detector such as a thin film, the presence of even small amounts
of quencher molecules have a significant effect compared to that of normal detectors.
4.4.1 Theoretical Simulations using SRIM/TRIM









The theoretical approach taken was to determine average energy deposited in the sample
by one million particles in order to better evaluate the experimental data obtained. Using
the TRIM function of SRIM, one million particles were passed through air at the distances
of 1.0 cm, 1.5 cm, and 2.5 cm in order to obtain the transmission data and average energy
of the alpha particles entering the detector. This data is displayed in Table 4.2. Those
energies were then simulated using TRIM to find the average energy deposited in ZnO by
one million particles. Past 2.50 cm the alpha particles begin to enter the Bragg peak region
of their energy loss, which SRIM does not simulate and will not produce reliable results.
Once the particles are into that region the energy of the particles entering the detector will
vary greatly; therefore, in the interest to get as clear a peak as possible and study the results
the distance was not varied past 2.50 cm. The density of ZnO was kept constant at 5.61
g/cm3 for all samples run with stoichiometric percentages for dopants according to that of
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what was used (1.0% and 0.5%). Dopants will alter lattice constants, but without a way to
measure the lattice constants of the experimental samples, the lattice constants were held
constant.





















4.583 3.54 1.04 0.938 4.35
4.074 2.95 1.13 1.02 3.93
2.902 1.52 1.38 1.27 2.86
Simulations to obtain average energy transfer from the α-particles entering the detector
were conducted for the various energies obtained in Table 4.2 for undoped ZnO nanorods
with a length of 3.385 µm from measurement obtained in SEM characterization listed in
Table 4.1. The average energy of the particles transmitted through the detector and the
energy transferred from the particles are listed in Table 4.3. As the energy decreased for
alphas entering the detector, the average energy transferred increased as expected due to
the stopping power of the ZnO increasing as the alpha energy decreased. The number of
full energy depositions increased as well from seven particles being fully absorbed to thirty-
three. Based off of the maximum and minimum energy of particles transmitted compared to
the average energy, the distribution of energy of the particles is a right biased distribution
with respected to the transmitted particles energy. The minimum and maximum values
for the particles are given in Table 4.3. Alpha particles passed through ZnO doped with
gallium and indium at the dopant concentrations of 1.0% and 0.5% were simulated in a
similar manner to the undoped at an alpha particle energy of 2.902 MeV. The results of the
simulations are listed in Table 4.4. Energy transfer does not necessarily translate directly to
excitations and light photon emissions as the mechanism and migration to a luminescence
center and how dopants effect this mechanism are not the same. Generally, the longer the
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nanorods; the more energy transferred; the more likely to have strong light photon output
given minimal quenching sites.
If it takes approximately three times the band gap to create one electron-hole pair as
discussed in Section 2.2.1[9], the average number of electron excitements per alpha particle
is approximately 140,000 for initial alpha particle energy of 2.902 MeV based off of band
gap of approximately 3.3 eV. Of the 140,000 pairs produced with photon emission close
to 100% for electron-hole production, approximately 140,000 light photons will also be
produced. Using fractions for ZnO and fused silica calculated in Table 2.1 in Section
2.2.2, the number of light photons will be significantly reduced. Of the 140,000 light
photons, using values calculated from [14], approximately only an eigth to a quarter of
the photons will reach the PMT. This value can be increased in manufacturing as an inner
surface will surround the detector reflecting the half of the photons that escape the top of
the nanorods.[8]




















ZnO:In 1.0% 1.90 0.999 0.907 2.89
ZnO:In 0.5% 2.07 0.828 0.739 2.81
ZnO:Ga 1.0% 2.17 0.733 0.658 2.90
ZnO:Ga 0.5% 2.02 0.879 0.79 2.86
4.4.2 Experimental Analysis
Due to initial results with respect to radiation detection, an intensive cleaning method was
applied. This cleaning was due to the proposition of the presence of quenching molecules
bonded to the surface of the nanorods resulting in more quenching sites readily available




Figure 4.17: 241Am Spectra at 2.5 cm from Detector Pre- and Post-Cleaning Method for
ZnO:In and ZnO:Ga 1.0%
reaction especially in the form of nitrate anions, the plausibility that those molecules are
bonded to the surface and not being removed with minimal cleaning and drying following
growth is high. Figure 4.17 displays the effects of quencher ions bonded to the surface of
the substrate most likely in the form of nitrate ions or ammonia hydroxide molecules that
were added to increase the population of hydroxide ions available to zinc ions to form ZnO
as shown by Equations 2.14-2.21. Once the samples were thoroughly cleaned with both a
water solvent in form of DI water and an alcohol solvent in the form of ethanol, the spectra
were retaken with dramatically improved results as shown in Figure 4.17.
Following removal of quencher ions from the samples using the same cleaning method
of DI water and ethanol as described in Section 3.3.2, alpha spectrums were taken over
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Figure 4.18: 241Am Alpha Spectra with Undoped ZnO from 1.0 cm, 1.5 cm, and 2.5 cm
distances of 1.00 cm, 1.50 cm, and 2.50 cm for the undoped ZnO sample and at 2.5 cm
for all doped samples. The reason for the taking all the remaining samples at 2.5 cm
is that due to decreased lengths of nanorods in comparison to the undoped ZnO and the
increased stopping power against lower energy heavy ions compared to that of the 5.54
MeV alpha emitted during alpha decay by Americium-241. The spectra for undoped ZnO
over the various distances listed above is shown in Figure 4.18 and shows how the change in
distance and energy of the alpha particles effect the spectra. As the distance was increased
and the alpha particle energy decreased, the main detection peak shifted to the left as would
be expected and intensity increased. The overall detection counts decreased which is also
expected as the number of alpha particles making it through the collimator decreased. At
the increased distance, the decreased angle of incidence needed to make it through the
collimator resulted in a more monoenergetic source on the face of the detector.
To compare the effect of dopants on the detection of alpha particles, alpha spectra for
each sample was taken at 2.5 cm resulting in average particle energy of 2.902 MeV as sim-
ulated in previous section using SRIM. Due to dopant, dopant concentration, and length
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Figure 4.19: 241Am Spectra at 2.5 cm from Detector for ZnO:In
Table 4.5: Peak information of undoped and doped ZnO at 2.5 cm
Sample FWHM Gross Counts Peak Channel
Undoped ZnO 83.93 424487 540.40
ZnO:In 1.0% 262.55 1108599 662.23
ZnO:Ga 1.0% 1.41 342459 432.11
ZnO:Ga 0.5% 155.66 66504 822.84
of the nanorods differences, the alpha spectra will vary to a degree with respect to peak
location and shape. The spectra for ZnO:In and ZnO:Ga for comparison of dopant con-
centration for each dopant and spectra for 1.0% and 0.5% for comparison of dopants at
each concentration are shown in Figures 4.19/4.20 and 4.21/4.22, respectively. As has
been shown in other research, the dopant does effect the peak location, response time, and
photo-luminescence.[19] The main detection peak for ZnO:In 0.5% was not discernable
from the rest of the spectra enough to gain peak information even though the appearance
of a slight shoulder to the detection spectra. From the data listed in Table 4.5, it can be
seen that the peak location when compared to average energy transfer from Table 4.4 does
not follow the expected trend. This could be due to a number of reasons: higher quencher
concentration in some, dopant mechanism for excitation decay time, or concentration ef-
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Figure 4.20: 241Am Spectra at 2.5 cm from Detector for ZnO:Ga
fect on location of dopant (substitutional or interstitial). However, when comparing the
dopant concentrations within each dopant the peaks do follow, but for confirmation would
need two or three more sample concentrations to verify. In both the ZnO:In and ZnO:Ga,
the sample with the simulated higher average energy concentration had a higher channel
number for the center of the peak in comparison to the lower. As in [19], dopants even with
the same energy alpha will have different peak location and peak shape.
Past small effects on decay time that dopants have and quantifiable effects like photo-
luminescence intensity, there is still a lot of research to be conducted into dopant and dopant
concentrations in ZnO. The traditional use of activators in inorganic crystals does not have
as strong an effect on ZnO due to its small band gap in comparison to other pure inorganic
crystals. However, there has been research into bandgap engineering to both lower it and
enlarge it.[63]
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Figure 4.21: 241Am Spectra at 2.5 cm from Detector comparison between dopants for 1.0%
doped





The goal of this project was to develop an alpha detector and procedure capable of being
optimized for future research as a neutron detector. The scope of the project was broad in
order to provide the best baseline possible for future research to build off of. There are
however some conclusions that can be drawn from this work that will benefit the overall
goal of the project in the future.
Fused silica while certain attributes are difficult to work with is a promising substrate
for the other beneficial attributes. The surface energy of fused silica is low, but with further
treatments can be enhanced and treated in a way that it will readily allow molecules to
bond securely to the surface. The benefits of fused silica include cost which is lower than
substrate such as single crystal quartz and transmission percentage for the near band edge
emission of ZnO (380 nm) which is higher than that of quartz and ITO glass. The refractive
index of fused silica is also closer to 1.5 than that of quartz resulting in less entrapped light,
less internal reflection, and more light reaching the PMT.
Seeding of the substrate became a main focus due to the new substrate chosen for
this project. Conventional dip coating methods proved to be ineffective at covering the
surface in uniform seed layer capable of growing uniform uni-axial nanorods that promote
the most efficient electron transport. Seed experiment one and subsequent growth on the
seeded substrate did validate growth solution and an annealing procedure to be used in the
future that will remove quenching molecules bonded to the surface more effectively then
the cleaning method used. Spin coating is an effective means of seeding substrates with
a uniform seed layer, but this method will need further research in order to bond the seed
layer to the substrate to prevent separation of the nanorods from the substrate in annealing
post-growth.
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With respect to photo-luminescence and the optimization of the spectra to include re-
ducing the broad emission without effecting the near band edge emission, there was some
success. ZnO:In 0.5% presented the best photo-luminescence but had a poor scintillation
spectra. This sample exhibited good suppression of the broad peak with minimal decrease
in intensity of the near band edge emission. If the broad emission is in fact caused by
zinc vacancies and the inclusion of dopants will reduce these vacancies, then with the ex-
ception of ZnO:In 1.0% the results followed as with each dopant the broad emission was
reduced but the near band edge in gallium was also greatly affected. The reason for the
effect on gallium is that interstitial placement of gallium ions in the lattice structure shifted
the absorbance spectra to the right yielding a higher absorbance of the near band edge as
discussed in Section 3.3.1.
Alpha detection was successful and yielded a definable peak for all samples except
ZnO:In 0.5%, which could be attributed to quenching, dopant lattice location, or other fac-
tors. An additional goal of alpha detection was to determine the effects of varying alpha
energy and the signal produced which was accomplished by attenuating the alpha particles
with air and collimating out all but particles with small angle of incidence resulting in a
near monoenergetic particle beam. This was achieved with some success as shown in the
undoped ZnO spectra of the source at different distances. Quencher molecules played a sig-









Figure 6.1: Photo-Luminescence spectra of (a) ZnO and ZnO/CeF3 nanocomposite and (b)
ZnO:Ce in solution [64]
Cerium has been used in a variety of ways in radiation detection from being used as an
activator in crystal scintillators to being formed into an inorganic scintillator in the form
of cerium bromide. In lanthanum bromide, a well-known fast inorganic scintillator with
excellent energy discrimination, cerium is used as the activator. Cerium has been used
in a limited fashion with respect to ZnO in the form of nanocomposite for alpha particle
detection[64] and wet chemical synthesis of nanorods[65]. But, it has not been used as a
dopant for an array of nanorods. Investigation into cerium doped nanorods for use as an
alpha particle radiation detector and subsequent use with the incorporation of a 6Li coating
has not be undertaken. As can be seen in Figure 6.1, the intensity of the photo-luminescence
spectra increases dramatically in the composite with the addition of CeF3. The effect on
nanorods as a dopant was insignificant; therefore, unless nanocomposites are researched
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cerium does not show much promise in nanorod research.
6.1.2 Band Gap Engineering with Magnesium and Cadmium
Figure 6.2: Band offsets at wurtzite MgO/ZnO and ZnO/CdO interfaces.[4, 63]
Doping ZnO nanorods with elements such as gallium, indium and aluminum is rela-
tively easy as the inclusion of those elements will not affect the wurtzite structure of the
nanorods. The inclusion of magnesium or cadmium effects the structure of the crystal sig-
nificantly because the Mg-O and Cd-O bond forms a rock salt structure, but with modest
amounts of dopant (less than 7.0%), the structure will retain its wurtzite structure [63]. The
addition of magnesium and cadmium effectively engineers the bandgap and dependent on
concentration can lead to band gaps ranging from 2.3 eV to 4.0 eV [63, 66, 67, 68, 69, 70,




As the seeding technique was never perfected to yield a defined crystalline seed layer, there
is future work to be done in spin coating. Dodecane-thiol procedure used in the first seed
experiment could be utilized to assist in the bonding of the seed layer to the substrate.
In addition to the dodecane-thiol, a higher pre-heating temperature and time of heating in
between coatings may be required to achieve a better defined seed layer. A better defined
crystalline seed layer that is bonded to the substrate should yield higher quality crystals that
can undergo annealing treatments post growth that will better remove quenching molecules
that effect scintillation.
Another method that has worked in the past with respect to this project is the use of
sputtering to seed the substrate. If this method is available, then this would provide an
alternate means, but the price and space required for such equipment far exceeds that of
spin or dip coating. This method would also prevent doping of the seed layer which could
benefit future research and the pre-development of substitution lattice positions for the
dopant ion.
6.3 Nanorod Length
Of primary concern with respect to the nanorod length is its ability to fully absorb alpha
particles incident on the detector to provide the best means for alpha spectroscopy. In the
development of a neutron detector, it will be important to be able to absorb the alpha particle
produced by the lithium or boron reaction with the thermal neutron. The length needed for
detection of the lithium or boron reaction as calculated by [58] is 3.43 µm for the 1.47 MeV
alpha of boron and 4.74 µm for the 2.05 MeV alpha of lithium, but the detection medium
will need to be thicker due to straggling. For detection of the 5.54 MeV alpha of Am-241,
the detector length/thickness will need to be over 15.59 µm. Use of polyethyleneimine
(PEI) has be successfully used in research to lengthen the nanorods considerably. [72, 73,
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(a) Schematic for growth mechanism of ZnO
with/without PEI[72] (b) PEI mechanism on ZnO nanorod [74]
(c) Photo-luminescence spectra with and
without PEI
Figure 6.3: Mechanism of PEI effects on vertical growth along c-axis on ZnO nanorods as
shown in (a) [72] and (b) [74]. Effects of PEI on photo-luminescence spectra are shown in
(c) by [72]
74]
The PEI mechanism for lengthening the nanorods is through constricting the lateral
growth resulting in preferential growth along the c-axis as shown in Figure 6.3. By restrict-
ing the growth laterally and enhancing the growth vertically, the length of the nanorod is
significantly enhanced while the diameter is smaller. What has not be tested is the effect
of decreasing the diameter has on its radiation hardness and durability as a detector when
exposed to high radiation fields over long periods of time. The effects of PEI on the photo-
luminescence spectra is promising as shown in 6.3c, but the reason for the enhancement
of the near band edge and suppression of the broad green emission is unclear. It could be
attributed to the decrease in impurities within lattice yielding a higher quality ZnO phase
of growth.[72]
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6.4 Lithium or Boron Coating
Before the type of neutron absorber and its effects are discussed, an understanding of neu-
tron interactions with matter is needed. In general, there are two types of interactions that
a neutron will have with matter, direct interaction and compound-nucleus reaction. Direct
interaction deals with interactions that do not involve the core of the nucleus that the neu-
tron is interacting with. The main type of direct interaction is known as potential scattering
in that the neutron is scattered away from the nucleus due to the presence of the strong nu-
clear force within the nucleus and is also known as ”shape scattering” and generally takes
less than 10−22 s.[7] Compound-nucleus reactions are far more complicated due to the dif-
ferent types of reactions and particle physics that must be taken into account that depend
on neutron energy, binding energy of nucleons, angular and orbital momentum, and many
other factors. These reactions have a range of reaction time 10−18 s to 10−14 s with the
main reaction after being the release of the excess energy via gamma photon emission.[7]
Figure 6.4: Diagram showing role of compound nucleus in neutron interactions.[75]
Compound nucleus reactions that occur once a neutron is absorbed depend on many
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factors and can take many paths which generally depend on Q-value, binding energy per
nucleon, time reaction takes, and different advanced particle physics subjects.





E ′c = (
A
A+ 1
)En + [mn +M(
AX)−M(A+1X)]c2 (6.3)
Using Equation 6.1 and referencing B or Q from Figure 6.4, the energy level that the
compound nucleus is at if the neutron enters the nucleus with zero energy can be deter-
mined.[7] The energy level of the nucleus if the neutron enters the nucleus with is the Ec
value from Equation 6.2 added to the B or Q value from Equation 6.1 and is generally
known as E′c and shown in Equation 6.3. These values play a large role into the different
types of reactions that can occur because a reaction can only take place if there is an energy
level available for that particular reaction. Some of the reactions that can occur following
absorption of the neutron are [n,α], [n,p], [n,2n], and [n,γ] to name a few. Each of these
reactions have what is called a cross section which is defined a probability for the reaction
to occur and normally expressed in a units of barns which is 10−24 cm2 and denoted by the
symbol σ.[76]
The non-elastic cross sections for different reactions such as [n,γ], [n,α], and [n,p]
follow what is known as a ” 1
v
” law when dealing with energies lower than that of the
resonance region and can be seen in 6.5. The ” 1
v
” relationship shows the difficulty of
neutron detection and material identification because as the energy of the neutron increases
and in some cases 10+ MeV the cross section for a non-elastic reaction is very small. This
relationship can be seen in Figure 6.5 for some of the key reactions used in the detection of
neutrons.
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Figure 6.5: Neutron cross sections for 3He[n,p], 6Li[n,α], and 10B[n,α] The cross section
shows the 1/v behavior for E¡1 keV, but begins to show resonances above 100keV.[77]
6.4.1 Key Reactions for Neutron Detection
There are the two neutron interaction reactions with matter that of use in neutron detection
research for ZnO, 10B and 6Li. These interactions are chosen largely for their large cross
sections as shown in Figure 6.5. These reactions are also chosen for their large Q value
which means that the kinetic energy of the reaction products is determined solely by the Q
value and the energy of the incoming neutron is negligible.[9] Only the reaction of boron
and lithium will be discussed in this chapter for future research into ZnO as a neutron
detector.





The energy of the products can be determined by Equations 6.4 and 6.5 and will be used in
the following paragraphs to show the energy of the products. The symbols x and y denote
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0 n→31 H + α (6.6)
For lithium coating Equation 6.6 shows the reaction of interest for neutron detection. The
energy values E3H and Eα are 2.73 MeV and 2.05 MeV respectively for a reaction with a
thermal neutron where the energy contributed by the initial neutron is negligible.[9] The
reaction products are released 180o from each other; therefore, their uses in a neutron
converter will be limited to only events that yield alpha particles in the direction of the




0 n→73 Li+ α (6.7)
For a boron coating, Equation 6.7 depicts the reaction that a neutron has with 10B. The
energy values for the reaction products are 0.84 MeV and 1.47 MeV for ELi and Eα re-
spectively.[9] The draw for boron for this detector is there is a higher cross section and the
energy of the alpha particle would require a shorter nanorod then lithium.
6.4.2 Coating ability
If well grown nanorods are securely bonded to the surface of the substrate and can be
annealed at high temperatures, the preferred method would be to use a vacuum evaporator
to deposit a thin film of boron-10 or lithium-6 onto the surface of the nanorods that have
been grown to slightly past the range of their respective alpha particles in the detector
volume. With a thin film of boron or lithium deposited, the overall view of detector cross
section would be similar to that of case A or B of Figure 6.6. As discussed above, the
detection efficiency of the detector would be quite low but methods to improve would
be to grow an additional layer of ZnO on top of the converter layer, but the ability of
light from the top detection volume to reach the PMT would need to be analyzed. Other
64
Figure 6.6: Sketch of converter layer of thickness DF in contact with detector[9, 78]
methods would be to use a solution to deposit a mixture containing a solvent with lithium-6









The following chemicals were used in substrate preparation, seeding, and growth processes.
All chemicals were purchased through Sigma Aldrich at highest purity available.
Table A.1: Chemical Seeding Information [79][80]
Chemical
Name
Formula M.W. ( g
mol



















Acetone CH3COCH3 58.08 0.7845 99.5%
Isopropanol (CH3)2CHOH 60.10 0.7851 99.7%
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Table A.2: Chemical Growth Information [79]
Chemical
Name
Formula M.W. ( g
mol




































Seeding experiment 1 was conducted in TLD Laboratory in Boggs, and seeding experiment
2 was conducted in the North Avenue Research Area (NARA) in the Carbon Neutral Energy
Systems (CNES) Lab courtesy of Dr Shannon Yee.
Table A.3: Equipment Needed for Seed Experiment 1
Hardware Chemicals
100− 1000µL Pipette Ethanol
disposable pipette tips Dodecane Thiol
applicator brush Isopropanol
furnace ZnO nanoparticles








Table A.4: Equipment Needed for Seed Experiment 2
Hardware Chemicals
100− 1000µL Pipette Methoxyethanol












Figure A.1: VTC-100 Programmable Spin Coater
Figure A.2: VWR Forced Air Oven Model 410
Figure A.3: SharperTek TOV120-3L Heated Ultrasonic Cleaner
Figure A.4: Lindberg Blue M Furnace
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A.1.3 Growth
The following equipment was used in the growth of ZnO nanorods and was conducted in
TLD Laboratory in Boggs.
Table A.5: Equipment Needed for Growth
Hardware Chemicals
100− 1000µL Pipette Sodium Citrate
disposable pipette tips Zinc Nitrate Hexahydrate
weigh boats hexamethylene (HTMA)
scale dopant (Gallium, Indium, etc)
graduated cylinder (100mL) DI Water
scoopla Ammonia Hydroxide




Figure A.5: Yamato DKN400 Mechanical Convection Oven
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A.2 Characterization Equipment
A.2.1 Material and Structural Analysis Equipment
Scanning electron microscope imaging was conducted at the Paper Tricentennial Building
with training conducted courtesy of Yolande Berta.
Figure A.6: LEO1530 Scanning Electron Microscope with Energy Dispersive Spec-
troscopy
A.2.2 Photo-luminescence Spectra Equipment
Photo-luminescence spectra were taken in Dr Hertel’s Radiation Detection Laboratory.
Figure A.7: Kimmon He-Cd Dual Wavelength Laser
A.3 Radiation Detection Equipment
Radiation detection spectra were taken in Dr Hertel’s Radiation Detection Laboratory.
72
Figure A.8: Philips XP2020 Photomultiplier Tube
Figure A.9: Ortec Model 113 Scintillation Preamplifier
(a) Ortec Model 572
Shaping Amplifier




Figure A.10: NIM Bin Equipment
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